Seventy-five normal volunteers (20-78 yr) were tested on the Farnsworth-Munsell 100-hue test at each of five illuminance levels. Each cap score distribution was analyzed by fitting a two-cycle sine wave whose amplitude and phase characterize the polarity of the error distribution and its axis. Analysis of these parameters reveals a similarity between tritanlike defects in older groups and those of younger groups at lower illuminance levels. These data are distribution.
Introduction
With the advent of widely available low-cost computing facilities, a number of computer programs and algorithms have been published for the analysis of the Farnsworth-Munsell 100-hue (FM 100-hue) test. 1 -8 Interpretations of the results of this test are based on the total error score and the degree of polarity of the error distribution when plotted on a polar diagram. Although computation of the total error score is relatively straightforward, several different algorithms have been suggested for evaluating the polarity and its axis. 1 -6 All these methods produce measures that are related to the amplitude of the Fourier component of the error distribution at two cycles per revolution. For example, Kitaharal utilizes square-wave filtering (with a two-cycle square wave), and Winston et al. 5 employ triangle-wave filtering (with a two-cycle triangle wave) of the error distribution. Both of these methods produce a smoothed error distribution that emphasizes the two-cycle component. Smith et al. 2 compute the difference in the square roots of yellowblue and red-green partial error scores. This method produces an index related to the square root of the amplitude of the two-cycle component.
Several groups have independently exploited Fourier analytic methods. Winston et a. 5 and Allen 4 applied Fourier analysis to FM 100-hue error distribu-
The authors are with National Institutes of Health, National Eye Institute, Bethesda, Maryland 20892. Received 8 July 1986 . also useful for specifying age norms for the polarity of the error tions, and each concluded that the relation of the twocycle component to the zero-order component (mean error) was a useful index of bipolarity. Kitahara's method has been simplified by directly computing the mean error and the amplitude and phase of the twocycle component. 3 6 Methods for evaluating the statistical significance of these parameter estimates have also been presented. 6 Direct computation of these values is of great savings over most filtering schemes and over Fourier analysis out to several orders.
In the present study, we sought to analyze the effects of aging and illuminance level on the FM 100-hue test. Several studies have quantified the increase in total error score with increase in age and decrease in illuminance. 2 ' 9 -12 These studies have also noted the appearance of a tritanlike defect in older groups and at low illuminance levels. Analysis of the amplitude and phase of the second harmonic of the error distribution permits us to quantify these phenomena and to determine norms for this aspect of the test.
II. Methods

A. Observers
Seventy-five normal volunteers within the 20-79-yr age range were enlisted for this study. All were given ophthalmological exams that included fundus exams. Any individual with fundus abnormalities or unclear optic media was excluded from the group. Also excluded were individuals showing evidence of a protan or deutan defect on the Panel D-15, AO-HRR plates or both. All observers had 20/30 or better visual acuity. Table I indicates the age and sex distribution of the sample. At least six males and females were tested in each age category except in the 70-79 age group. Age  Male  Female  Total   20-29  6  10  16  30-39  7  6  13  40-49  6  6  12  50-59  7  6  13  60-69  6  6  12  70-79  4  5  9  Total  36  39  75 B. Procedure
The FM 100-hue test was administered 6 times to each volunteer. The first administration was binocular at 1800 lx. This served as a practice session to familiarize the individual with the test. Subsequent tests were monocular with the eye used for all five tests chosen randomly at the beginning and the illuminance level chosen randomly without replacement from the set 5.7, 18, 57, 180, and 1800 lx.
The illuminance level was varied by placing neutral filters in a pair of safety goggles from which the glass had been removed. The goggles fit comfortably over the observer's glasses, if any were worn, and provided a binocular field of view of 74 X 37°. With the goggles properly adjusted, all light reaching the observer's eyes passed through the filter. The pupils were not dilated.
The test was illuminated by a MacBeth Executive Daylight source. The illuminance measured with a Pritchard photometer was 1800 lx with a correlated color temperature of 6600 K. For the two lowest illuminance levels, the volunteers were dark adapted with the filters on for 10 min prior to testing. For the other levels, preadaptation was 5 min. Observers were provided with at least one 15-min rest period, aside from dark adaptation; in some cases the tests were spread over two sessions. Completion of all six tests required from 2 to 3 h.
C. Analysis
Each error distribution was scored and plotted by the Kinnear method. 13 The function
where x = 47r(i -1)/85, i is the cap position, M is the mean cap score error, A is the amplitude, and 0 is the phase angle, was fit to each cap score distribution using a least-squares method. 3 ' 6 The modulation was computed as the ratio of the amplitude to the mean error (AIM). The axis was determined from the cap positions that corresponded to the peaks of the best-fit two-cycle sine wave, f(i).
Results
No significant sex differences were observed in the analysis of the results (see below). Therefore, data were pooled across males and females in each figure. Figure 1 summarizes the average error distribution as a function of age and illuminance; each column represents a fixed illuminance level and each row a fixed age group. These graphs illustrate the systematic variation of the error distribution with age and illuminance level. The number of errors increased with increasing age and with decreasing illuminance. In addition, the errors were not randomly distributed about the hue circle but progressively became bipolar oriented mostly along a tritan axis. The test is typically administered at levels ranging from 100 to 2000 lx, corresponding to columns 1 and 2 of Fig. 1 Results from fitting the sine waves are shown in Figs. 2-6. In Fig. 2 , the top row of graphs shows the mean error score M from Eq. (1) as a function of the illuminance level for three age groups. Results for these groups were qualitatively the same. As the illuminance decreased, Mincreased. The increase of Mwith decrease in illuminance was more rapid with increasing age. Since M is a linear transformation of the conventional total error score, this analysis has provided no new quantification of the error patterns.
The second row of Fig. 2 shows that A, the amplitude of the best fitting sine wave, varied in the same fashion as did M. Amplitude was low for high-illuminance levels and increased for low-illuminance levels. The magnitude of the increase grew with age. This measure indicates that the observed increase in errors was not random but tended to be oriented along some axis, producing a bipolar distribution.
The third row depicts the manner in which the modulation varied. This index varied in the same fashion as the previous two indices with one exception. Rather than continuing to increase with decrease in illuminance level, the modulation became approximately constant in older groups. These modulation curves indicate the change in A relative to the change in M. Thus, although A and M both increased with decreasing illuminance in the older groups, they both did so at the same rate.
The data were analyzed using repeated measures analysis of covariance.1 4 , 1 5 Each of the seventy-five observers completed the FM 100-hue under five illuminance levels, so that the repeated factor was illuminance level. Because this is an ordered variable, we tested for linear and higher-order trends in the illuminance level. 14 In scaling these levels, we used unit differences between adjacent levels for all but the two highest (1800 and 180 lx), where a difference of two units was used. Sex was a grouping factor, and age, used as a continuous variable, was a covariate. Separate analyses were done for the three independent variables: M, A, and modulation. Initial analyses suggested that the variance of residuals increased with the value of the dependent variable, and, therefore, a transformation was indicated. We used the square root of each of the dependent variables, although results were similar whether or not this transformation cated that sex was not significantly associated with any of the dependent variables, while age was strongly associated with each. Each dependent variable was directly and monotonically associated with decreasing the illuminance level (p < 0.0001). Although some trends of higher order than linear were also statistically significant, none was more significant than the linear trend. Interpretation of such higher-order trends, in any case, is less straightforward. illuminance levels. The trend was for the slope to increase in magnitude moving from 1800 to 18 lx but to decrease at the lowest level. This is consistent with Fig. 2 in which the youngest observers seemed immune to the lowering of illuminance except at the lowest level, whereas the older observers showed a steadily increasing amplitude with decreasing illuminance. Figure 4 shows the regression analysis for the square root of the modulation. Correlations varied between 0.42 at 5.7 lx and 0.66 at 18 lx. Significant differences between the slopes at different luminance levels were present. From 1800 to 180 lx, the slope increased; it stayed nearly constant through 18 lx and decreased at 5.7 lx. The consistency of slope in the midrange of tested illuminances, however, does not imply that the modulation was constant over this range. On the con- trary, the intercepts of the regression lines increased, indicating an age-independent change due to illuminance.
Instead of a linear regression, one might have fit the data of Figs. 3 and 4 with a two-component curve that is flat between ages 20 and 50 and rises thereafter. Two factors failed to justify such an approach. First, -the regressions were similar whether or not a quadratic age term was included. Second, while the slopes were less for the linear regressions restricted to volunteers under 60 yr of age, the significance levels were the same as those when all volunteers were included. It is possible that with a larger sample, this issue might be decided more definitively.
B. Age Illuminance Trade-Off
Qualitatively, the data in Fig. 1 show a trade-off between age and illuminance level. This is indicated by the similarity of error distributions along positive diagonals of the figure. We examined whether the effect of aging could be described as an equivalent decrement in illuminance level by evaluating if the curves of Fig. 2 could be made to align by a lateral shift on the logarithmically spaced illuminance axis. The top box of Fig. 5 represents the data points for the mean error for each age group shifted by eye for best alignment. The line is drawn through the 20-29 age data. For the two oldest groups and at the highest illuminance levels, there is an indication that the data sets do not align. The middle and bottom boxes of Fig.  5 represent data for amplitude and modulation, respectively; their shifts were those determined by the alignment of the data in the top graph.
The alignment of the data for the amplitude and modulation was not as tight as that for the mean error. As with M, the largest deviations were shown by the two oldest groups at the two highest illuminances. Given the size of the error bars about each point, however, the alignment was good enough to suggest that at least some portion of the aging effect is like the effect of attenuation produced by a neutral filter (see Sec. IV). Such a similarity of effects applies to the increase of both total error and polarity of the FM 100-hue error distributions.
C. Axes
None of the above indices reflected the consistency across individuals of the orientation along which the errors were distributed. Phase angles of the best-fit sine waves were transformed into a peak cap number for this analysis. Figure 6 shows the mean peak cap numbers as a function of age at each illuminance level.
Since the sine waves fitted to the error distributions were of two cycles, the two peaks determined the values of the cap numbers that form the endpoints of the axis. These endpoints were always 42.5 caps apart on this cyclic scale. The other peak is indicated in Fig. 6 on the right-hand ordinate. Observers with perfect scores were excluded from this figure (five at 1800 x within the 24-49-yr age range; two at 180 x within the 20-42-yr age range).
There were no obvious effects of aging or illuminance level on the orientation of the axis of the best fitting sine wave. We analyzed cap number in the repeated measures framework and found that age and sex were not significant. For this analysis, we used the cap number from the left-hand ordinate of Fig. 6 , since in this range there was no wraparound of the cyclic scale. The p value for linear trend was 0.01, but it was 0.008 for a quartic trend. Hence interpretation is difficult. Looking at the ten pairwise differences, we found the following significant (at the nominal p = 0.005 level) differences: 1800vs 5.7,57 vs 18, and 57 vs 5.7 lx, with the lower luminance having on the average the higher cap number.
Recall that modulations for high-illuminance levels and younger groups tended to be low. Possibly, the axes assigned in these cases were due to random errors in performing the test. For the 20-yr group at 1800 x, plus or minus two standard deviations cover forty caps or nearly the entire range. The mean axis has little meaning when the standard deviations are so large, since it simply estimates the center of the range. For older groups and especially at lower illuminances, the standard deviations were considerably smaller, indicating considerable consistency in the position of the axis within each group and (in agreement with Fig. 6 ) across groups as well. The mean peak cap numbers in these regions vary between 1 and 4 (or 43.5 and 47.5), indicating a tritan axis.
IV. Discussion
Boyce and Simons1 0 studied the effects of illuminance over a limited range of performance on the FM 100-hue for three age groups designated as young (30 yr or less), middle (between 31 and 54 yr), and old (55 yr or older). Bowman and Cole 1 1 evaluated a wider range of illuminance levels but restricted their study to only two age groups, young (20-23 yr) and old (62-74 yr). As in the present study, both investigations demonstrated that lowering the illuminance level impairs color discrimination more in older than in younger groups. By sampling age and illuminance densely and quantifying both the total increase in error and the increase in polarity, we presented a more complete picture of the interaction of aging and illuminance on color discrimination.
To a significant extent, it seems that the effects of aging are similar to the effects of lowering the illuminance level on FM 100-hue performance. Thus the 20-40 age groups at 5.7 lx behave approximately as the 50-60 age groups at between 18 and 57 lx and like the 70-yr group at 180 lx. The effects of illuminance level on the FM 100-hue test might be related to the BezoldBrucke effect. 16 This phenomenon refers to the change in perceived hue with intensity. At high intensities, bluish and yellowish components of a stimulus become more salient; at low intensities, reddish and greenish components predominate over bluish and yellowish ones. This change in the balance of perceived hue may render yellowish and bluish components of the caps less discriminable, producing a tritanlike defect. This idea raises the question of whether a redgreen defect might also be demonstrated at sufficiently high-illuminance levels.
Certain factors do in fact lower the intensity distribution in the aging eye. Older pupils are miotic. 17 This limits the radiant flux directly through a decrease in area of the entrance aperture of the eye but also constrains the entry path to traverse the thickest part of the lens, yielding an additional decrease in transmittance due to Bouguer's law. 18 Based on Fig. 5 , such an explanation would require an effective attenuation of light reaching the retina of the 70-yr old group by -1.5 log units relative to the 20-yr group. This is higher by a factor of 4 than the 0.9 log units estimated by Weale 19 as the short-wavelength reduction at the retina in 70 vs 20-yr old eyes due to a combination of lenticular and pupillary factors. The discrepancy may reflect the fact that the reduction in intensity at the retina is not neutral but considerably greater in the short-wavelength region.
Alternatively, we cannot exclude retinal or motivational factors to explain the effects of aging on FM 100-hue performance. Motivational factors come into play if older groups find the test too tedious or observers find the discriminations too difficult at lower illuminances. Since color differences between adjacent caps are not equal in all quadrants, 2 0 an oriented error distribution is likely to arise from such factors. It should be emphasized that volunteers were given frequent rests during the course of testing. However, nearly all individuals complained about the difficulty of the test at the two lowest illuminance levels. Finally, retinal factors could represent receptoral or postreceptoral dysfunction with the age of neurons contributing to discrimination in the yellow-blue error axis of the FM 100-hue test. There is evidence suggesting a decline in the density of cones 21 22 and postreceptoral cells 23 with age. Although recent study of the shortwave sensitive cones of the macaque retina did not find statistically significant age-dependent losses of such cones, 2 4 these results do not exclude postreceptoral losses within the pathways controlled by these cones. Age-associated losses of the longer-wavelength cone types, especially in macular retina, might also interfere with yellow-blue discrimination by the loss of their influence on those postreceptoral sites through which the shortwave cone signals pass. 2 
"
A. Polarity Norms Based on data collected at 170 lx, Smith et al. 2 have ,recently presented a set of preliminary norms for a measure of polarity that they devised. Their measure is computed by summing separately over yellow-blue and red-green error scores and then computing the difference between the square roots of these partial error scores. This procedure produces a measure indicating the degree of polarity by its magnitude and the axis by its sign. The computations to obtain this measure are simple, lending it to easy introduction into the clinic. Because of the categorization of the polari- trade-off between orientation of the error distribution and magnitude of its polarity. This ought to be a problem, however, only in rare cases.
Using the data from our 180-lx condition, we com- Tables II and III for each age group and illuminance level. These values will be of use to anyone contemplating the type of sine-wave analysis of the FM 100-hue discussed in this paper.
